ABSTRACT: Chemical triggering of membrane domain dynamics is of broad relevance to cell 10 signaling through lipid bilayers and might also be exploited in application of phase-separated suggestive of an order−disorder transition that underlies the remixing kinetics.
INTRODUCTION
21 Heterogeneity in membrane phases is of interest in various 22 biological processes such as vesicle trafficking and signal 23 transduction, but it is difficult to elucidate the role that phase 24 separation plays in cell function because of the compositional 25 complexity of biomembranes. However, a deep understanding of 26 phase behavior within vesicles made of lipid or polymer 27 amphiphiles is possible because of their simplicity. Bilayer 28 liposomes or polymersomes can also encapsulate therapeutics for 29 drug delivery applications, 1,2 so studies of vesicle phase behavior 30 have the potential to advance biological insight as well as 31 biomedical applications.
32
Giant unilamellar vesicles have been intensely studied as 33 model membranes for years and exhibit well-characterized phase 34 depicted in Figure 2 , where AB1-rich domains display an area 150 shrinking process as they begin to mix with OB18* domains 151 (Figure 2a,b) . Interestingly, fluorescence intensities at shrinking Figure 1 . (a) Schematic illustration of EDTA and NaOH applications to the AB1-rich domain. EDTA and NaOH remove Ca 2+ and H + from PAA chains, respectively. (b) Coarse-grained molecular dynamics simulation of inner and outer leaflet coupling in phase-separated bilayers facilitated by a molecular cross-linker. The upper image is such a bilayer in the presence of a cross-linker. The lower image is the result of the removal of cross-linker from the upper leaflet. Molecular interdiffusion is observed in the upper leaflet, and the lower leaflet remains phase-separated. 152 domain boundaries appear to be greater than for the surrounding 153 OB18*-rich domains because of the membrane curvature at 154 domain boundaries (arrows in Figure 2b) (Figure 3d ) after incubation with NaOH. This positive curvature 335 is in contrast to the AB1-rich domains in untreated vesicles that 336 mostly display no curvature or negative curvature (Figure 3d , 337 insets). We propose that the change in curvature of AB1-rich 338 domains results from the difference in the interfacial area of AB1 339 molecules in the outer and inner leaflets. As NaOH is added to 340 alter the pH asymmetrically, the repulsion between PAA chains 341 in the outer leaflet leads to the expansion of the AB1 molecular 342 area, whereas the AB1 molecular area remains constant in the 343 inner leaflet. When the outer leaflet has more area compared to 344 the inner leaflet, the domain bends outward. Therefore, the 345 change in membrane curvature in AB1-rich domains reflects 346 leaflet asymmetry after NaOH treatment. Plus NaOH. In addition to adding EDTA and NaOH 
DISCUSSION

f7
As the schematic phase diagram in Figure 7 illustrates, external weight fraction before (blue triangles) and after (red squares) NaOH treatment. The average AB1 area fractions are 60 ± 4% (av ± S.E., N vesicle = 5, before NaOH) and 45 ± 2% (avg ± S.E., N vesicle = 5, after NaOH) for an AB1 weight fraction of 60%, 48 ± 2% (av ± S.E., N vesicle = 11, before NaOH) and 33 ± 4% (av ± S.E., N vesicle = 19, after NaOH) for an AB1 weight fraction of 50%, and 22 ± 5% (av ± S.E., N vesicle = 5, before NaOH) and 10 ± 1% (av ± S.E., N vesicle = 5, after NaOH) for an AB1 weight fraction of 25%. Solid and dashed lines are linear fits to squares and triangles, respectively. The parallel trend of these two lines indicates that the changes in area fractions after NaOH treatment are roughly identical for different mixing ratios. Linear fits: before NaOH addition, y = (0.98 ± 0.06)x, R 2 = 1.0; after NaOH addition, y = (1.08 ± 0.04)x, R 2 = 1.0. ] shifts. The orange area denotes the hydration solution conditions where the phase separation of polymer vesicles composed of AB1 and OB18* can be found. 23 The blue diamond is the hydration condition that we began with in this study, which is pH 3.5 and [Ca 2+ ] = 0.1 mM. Chemicals were added to vesicle dispersions reaching an external condition as denoted by the colored markers. The green line denotes the treatment with NaOH, leading to an increase in pH. Domain boundary roughening and area fraction decrease occur within hours to days. The black line represents the treatment with NaOH plus a small amount of EDTA (8:1 NaOH/EDTA). Boundary roughening occurs within minutes. The red line depicts EDTA treatment that chelates calcium from the outer leaflet of the vesicles, thus inducing fast domain mixing within minutes. The blue region of the phase diagram designates the limit of vesicle stability upon adding EDTA and/or NaOH. Calcium concentrations were calculated from the apparent formation constants of the EDTA−Ca 2+ complex at different pH values. 28 The pH was measured using pH test strips. 519 from which the diffusion coefficient formula shown in eq 2 is 520 obtained. 
